Objective-To examine whether the observed excess of childhood leukaemia and lymphoma near the Sellafield nuclear plant is associated with established risk factors or with factors related to the plant.
children of fathers employed at Sellafield at their conception, and (1-57 to 26.3) for children of fathers receiving a total preconceptual ionising radiation dose of 100 mSv or more. Other factors, including exposure to x rays, maternal age, employment elsewhere, eating seafood, and playing on the beach did not explain these relationships. Focusing on Seascale, where the excess incidence has predominantly been reported, showed for the four out of five cases of leukaemia and one case of nonHodgkin's lymphoma whose fathers were employed at Sellafield and for whom dose information was obtained that the fathers of each case had higher radiation doses before their child's conception than all their matched control fathers; the father of the other Seascale case (non-Hodgkin's lymphoma) was not employed at the plant. These results seem to explain statistically the geographical association. For Hodgkin's disease neither geographical nor employment associations with Sellafield were found.
Conclusions -The raised incidence of leukaemia, particularly, and non-Hodgkin's lymphoma among children near Sellafield was associated with paternal employment and recorded external dose of whole body penetrating radiation during work at the plant before conception. The association can Introduction There has been concern about levels of childhood cancer around nuclear installations in the United Kingdom since 1983, when a Yorkshire Television programme (Windscale: the Nuclear Laundtry) suggested that there was an excess of leukaemia near Sellafield. Several studies have been carried out since,' and the one reported here was a direct consequence of a recommendation of the Black committee (of which MJG was a member). This investigation was a casecontrol study of leukaemia and lymphoma among young people in West Cumbria specifically asking whether known causes or factors associated with the nuclear site might have been responsible for the observed excess.
Methods
The design of the study, methods of data collection, and basic information are described in detail in the accompanying paper (p 429).' Essentially all identified cases of leukaemia and lymphoma among people born in West Cumbria and diagnosed there at ages under 25 during 1950-85 were compared with controls matched by sex and date of birth selected-both unmatched (area controls) and matched (local controls) for civil parish of residence-from the same birth register into which the case's birth was entered. For both types of control up to eight controls were included in the analysis for each case, some of whom were both area and local controls. Comparisons were carried out using data from birth and medical records, from questionnaires to parents of cases and controls, and from employment and radiation records held by British Nuclear Fuels.
The analysis was carried out within the sets of cases and area or local controls, and findings are presented as relative risks with cdnfidence intervals. The results were calculated using conditional logistic regression analysis,4 which produces estimates of odds ratios that approximate closely to relative risks, with the computer program EGRET.: Unless otherwise stated the relative risks are for presence compared with absence of each factor; where specifically mentioned in tables relative risks are for the first compared with the second grouping, except in ionising radiation dose categories, where the risks are relative to the unexposed group.
Results and comment
Findings are shown for leukaemia alone and for leukaemia and non-Hodgkin's lymphoma combined (see accompanying paper) for area and local controls BMJ VOLUME 300
17 FEBRUARY 1990 separately. Because some controls, who were entered closely adjacent to a case in the birth register, were both area and local controls these two analyses by control type were not completely independent statistically-for example, for the 52 leukaemia cases there  were 217 area only controls, 207 local only controls,  and 140 who were both (see table III Table III shows findings based on the behavioural data obtained by questionnaire. The factors included, particularly those for which there were data on substantial numbers of cases, did not show any important relations with leukaemia and non-Hodgkin's lymphoma. Results for playing on the beach are shown in the table with all cases for whom information was available. Children aged under 5 years at diagnosis were less likely because of their illness to have played in the sand, and excluding these cases and their controls made little difference, with the relative risks against area controls for leukaemia alone and combined with non-Hodgkin's lymphoma becoming 0-83 and 1 04 respectively. The relative risks for play on the fells were particularly low.
Analysis by fish eating habits did not indicate any associated risk. For shellfish eating the relative risks were raised compared with area controls but not compared with local controls; the raised relative risks were, however, based on only two exposed cases (both diagnosed before 1980). Restriction of these analyses to cases born during periods when discharges from Sellafield were highest did not show any important differential relative risks. Finally, there was no evidence of any increased risk in conjunction with families growing their own vegetables or using seaweed as a fertiliser.
There were no important relationships of Hodgkin's disease with these factors.
BMJ VOLUME 300 17 FEBRUARY 1990 Hodgkin's disease in the study had an address at birth within the 5 km radius inner circle. Of the 95 total cases with complete information 79 (83%) remained in the same 5 km sector from birth to diagnosis. 0-11 0-02 to 0 80 three this employment occurred after the birth of their children.
GEOGRAPHY OF CASES AND CONTROLS RELATIVE TO SELLAFIELD
Distances of addresses of cases and controls from Sellafield were calculated by taking the grid reference of the plant to be NY 027 039 as used by the National Radiological Protection Board in its analysis of atmospheric discharges (J Stather, personal communication). The results given here are for area controls using addresses at birth. their fathers' employment and exposure to ionising radiation obtained through linkage with the Sellafield workforce file. As well as analysing the total radiation dose recorded before conception (taken as nine months before birth) we looked at that during the immediately preceding six months, since it has been suggested that this is the most sensitive period for the induction of transmissible genetic damage.6 The six monthly doses were estimated proportionally from the recorded annual doses of the father and the date of birth of his child.
For paternal employment at the plant relative risks were higher for leukaemia alone than for leukaemia and non-Hodgkin's lymphoma combined and were higher for employment at conception than at any other time. Relative risks for leukaemia and non-Hodgkin's lymphoma were higher for fathers with a radiation dose record at conception than for those with a radiation dose record at any time before conception or diagnosis. The highest relative risks-of the order of sixfoldwere for fathers with total radiation doses of 100 mSv or greater before the date of their child's conception or doses of 10 Sellafield from the child's birth certificate and the mother's questionnaire. Thus, we know that three of the five Seascale cases had fathers whose accumulated preconceptual radiation dose was in the group with an estimated sixfold to eightfold relative risk of leukaemia and the father of the fourth was in the group just below the cut off value used. These five Seascale leukaemia cases were precisely those in the inner circle of table IV, where the risk was highest.
If the exposure of the father to ionising radiation was the cause of leukaemia in the children then the reported geographical excess could effectively be explained on this basis. If, alternatively, the fact of living in Seascale itself were responsible for the excess then it would not be expected that three of the four fathers linked to the Sellafield workforce file would have a total radiation dose before conception in the highest category, whereas 16 out of 20 fathers of the local controls for these four cases (also born to mothers resident in Seascale) had a radiation record with only one in the highest category (the other four had not been employed at Sellafield). Moreover, in no father of the 20 local controls was their total preconception dose as high as in the father of their related case. For fathers of the area BMJ VOLUME 300 controls the corresponding figures were 9 out of 27 with a radiation record but none in the highest category (17 of the other 18 had not been employed at Sellafield), and all the total preconception doses of the fathers of the 27 area controls were lower than those of the father of their related case. These comparisons are shown in 
Discussion
The main finding of this study is that the recorded external dose of whole body ionising radiation to fathers during their employment at Sellafield is associated with the development of leukaemia among their children. Since radiation badge recording will reflect gonadal dose we interpret this finding to suggest an effect of the radiation exposure on germ cells producing a mutation in sperm that may be leukaemogenic in subsequent offspring. Other explanations may be possible, such as exposure to internally incorporated radionuclides or other concomitant exposures in the workplace: it has not been possible to examine the first of these so far, and the second seems unlikely (see below). Additionally, contamination of the home with radioactive or other material through occupational exposure may be relevant, although there is no evidence to support this. The results suggest highest risks in those with the highest accumulated ionising radiation doses before conception, either over their total duration of exposure or during the preceding six months. For both periods of exposure the same four cases of leukaemia were in the highest groups, three of them in children born in Seascale, and none were lymphomas. We have not yet examined any other duration of exposure period.
Comparison of the relative size of various calculated risks associated with fathers' being employed or having a radiation record at Sellafield either at any time or before the diagnosis of their children's illness supports the relevance of preconceptual exposure.
Other factors that we examined indicated smaller relations with leukaemia. Some ofthose were expected, such as antenatal exposure to x rays, but the high relative risk in mothers aged over 40 was at least twice that previously reported. This was not due to an excess of Down's syndrome as none of the cases in our study I born to mothers in this age group had trisomy 21. The I question arises whether any of these other factors explain the relation with paternal radiation dose. radiation dose records at Sellafield before their conception nor among Seascale children; this lack of association with radiation exposure is as could be expected (see accompanving paper) and strengthens the findings in this paper.
One of the weaknesses of this study might be considered to be the relatively low quality information on potential confounding factors such as antenatal exposure to x rays and infectious illnesses in the mother during pregnancy. Nevertheless, the strength of the observed finding, together with the mothers of the relevant cases not reporting having had an abdominal x ray examination, would suggest that the imperfections in measuring confounders of lower and uncertain risk are not detrimental. Additionally the potential for low quality data on children playing on the beach and families' seafood eating habits, for example, is acknowledged, but this would be a more serious criticism if there had been a trend for positive answers by parents of cases. We recognise also the possibility of bias from the absence of information on some factors for a number of cases and controls, but this is due to the unavailability of old records and our failure to trace parents as well as to parents' failures to respond to the questionnaire. Also this absence of data The range of total preconceptual external radiation doses of fathers in this study was from 0 to 383 mSv, the worker with the highest dose being employed over seven years. The range of estimated radiation doses during the six months before conception was 0 to 31 mSv. An If the associations reported in this paper are causal they need to be explored further to help determine which period of exposure may be most relevant. Although the two measures we have examined this far are highly correlated and show similar relations, there is a more convincing trend of increasing relative risks of leukaemia for paternal radiation dose during the six months preceding conception than for total exposure (table VI). The findings here contrast with those in the mortality follow up of Sellafield radiation workers BMJ VOLUME 300 themselves, among whom there were no excess deaths from leukaemia and only a limited suggestion of an association of death from leukaemia with dose of ionising radiation when considering a lag period of 15 years.' However, if these results have causal significance then they are of much importance to radiological protection of potential parents and their children.
